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Abstract. Chemical vapor deposition (CVD) has been used for the production of fused silica optics in high power
laser applications. However, relatively little is known about the ultraviolet (UV) laser damage threshold of CVD
films and how they relate to intrinsic defects produced during deposition. We present here a study relating structural
and electronic defects in CVD films to 355 nm pulsed laser damage threshold as a function of post-deposition
annealing temperature (Tyr). Plasma-enhanced CVD based on SiH4/N,O under oxygen-rich conditions was used to
deposit 1.5, 3.1 and 6.4 um thick films on etched SiO, substrates. Rapid annealing was performed using a scanned
CO, laser beam up to Tyr~2100 K. The films were then characterized using X-ray photoemission spectroscopy
(XPS), Fourier transform infrared spectroscopy (FTIR), and photoluminescence spectroscopy (PL). A gradual
transition in the damage threshold of annealed films was observed at Tyr up to 1600 K, correlating with a decrease
in non-bridging silanol and oxygen deficient centers. An additional sharp transition in damage threshold also occurs
at ~1850 K indicating substrate annealing. Based on our results, a mechanism for damage-related defect annealing is
proposed, and the potential of using high-Tyr CVD SiO, to mitigate optical damage is also discussed.
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1. Introduction

Interest in using high energy laser systems has grown over the years for applications such as inertial
confinement fusion [1-2]. The peak power that can be sustained by such laser systems is typically limited
by the amount of laser damage that can be tolerated by components making up the optical delivery
system. All optical materials, most notably fused silica, have intrinsic absorption properties that will
ultimately lead to damage at sufficiently high laser intensities. In practice, however, damage at fluences
well below the band gap (~9 eV) have been found to limit the performance of even the highest quality
optical components [3]. Generally, macroscopic mechanical defects such as micro-fractures and scratches
resulting from grinding, polishing, or handling processes have a high propensity to damage [4-5].
Broadband photoluminescence (PL) from electronic transitions has been observed from these structures
but with much shorter life-time than the known point intrinsic defects [4]. At the same time, intrinsic
point defects associated with non-bridging oxygen hole centers (NBOHC) and oxygen deficient centers
(ODC) have also been associated to laser damage in silica [6] [7] [8]. In addition to these intrinsic defects,
extrinsic defects in the form of impurities left by the polishing process, or introduced through
environmental contamination, can also lead to absorption of laser light and damage [9]. A deeper
understanding of different types of light absorbing defects in silica and methods to mitigate them could
shed light on the physics of laser damage processes and facilitate development of more effective damage
mitigation strategies.

On the other hand, the optical fiber industry has long enjoyed the benefit of extremely high-purity and
low-loss silica, produced through chemical vapor deposition (CVD), which possesses very high damage
threshold [10]. Besides high purity, the rapid, high temperature annealing associated with the fiber draw
process is also believed to be a key to mitigating defects that may otherwise absorb and lead to damage.
Localized CO; laser annealing of silica optics at high temperatures has also been demonstrated to greatly
improve laser damage thresholds [11-12]. One approach to study the aforementioned intrinsic defects
which limit both bulk and surface silica optics performance would be to obtain high purity and optical
quality CVD-based SiO, and probe the effect of rapid, high temperature annealing on damage threshold.
Indeed, very few [13] UV laser damage threshold measurements of CVD silica films have been
performed, and we are unaware of any studies in which a SiO, capping layer on fused silica was applied
as a means to improve damage threshold or mitigate defects.

In this work, we characterize the evolution of UV damage threshold, microstructure and intrinsic defect
populations of defect-rich SiO, thin films on etched silica substrate as a function of heat treatment
temperature (Tyr) from focused CO, laser heating. High-purity, unannealed SiO, films were first
deposited using plasma-enhanced (PE) CVD based on SiH4#/N,O precursor chemistry. Subsequent
localized annealing to various heat treatment temperatures is performed using a scanned CO, laser beam
at 10.6 pm wavelength where the laser energy is efficiently coupled to silica for heating. Laser annealing
using CO; laser allows rapid heating of silica to very high temperatures without causing devitrification of
the glass often seen with isothermal oven annealing above ~1400K [14]. At a scan rate of 50 pm/s, our
results indicate a sharp increase in the 355nm, 3ns pulse laser damage threshold for 1600<Tyr<2000 K.
Spatially and spectrally resolved PL mapping of as-deposited CVD films indicates a high concentration of
electronic defects relative to the etched substrate, which are effectively annealed at high Tyr. The change
in PL versus Tyr roughly correlated with that of the intensity of non-bridging silanol modes as
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characterized by Synchrotron-based Fourier transform infrared spectroscopy (SR-FTIR). In contrast, the
average Si-O-Si bond angle derived from the IR spectra evolved linearly and gradually up to 1600 K, and
then stabilizes for Tyr >1600 K. These results suggest that mid-range ordering of the silica network,
affecting bond angles, is first required for damage precursor healing, followed by short-range ordering
which then quenches all available defects involved in damage initiation. In terms of application, the
approach of applying rapidly annealed CVD overlayers to mitigate or passivate damage on high power
laser optic surfaces is also discussed.

2. Experimental
2.1. Sample preparation

All samples were 10 mm thick, 2”” round UV-grade type-III fused silica (Corning 7980). HF-etching was
used to remove ~27 pum of surface material to eliminate any polishing contaminants, followed by a
standard NaOH/detergent cleaning step, and deionized water rinse [15]. The samples were then piranha-
etched (1:1, H,SO4:H,0,4) and coated with SiO, using PE CVD method in a SiH4/N,O precursor gas at
300 mTorr with a substrate temperature of 573 K. The thickness of the SiO, film for each sample and the
as-received film laser damage threshold are shown in Table 1. A control sample was HF etched, cleaned,
and then piranha etched as described above. Samples were processed at the MicroFabrication facility at
LLNL.

Table 1: Sample coating thickness and laser damage threshold.

Sample ID Film thickness (um) | R/1 damage threshold (J/em?)
M2037 (control) | -- 453 +3.7
M2063 1.5 150£1.5
M1105 3.1 22.7+2.0
M2183 6.4 199+1.7

While clean room sample handling procedures were used throughout the cleaning and coating steps, some
scratches on the uncoated side were produced from wafer carriers. Furthermore, some residue and/or
haze was apparent, appearing on both coated and uncoated surfaces; coating-side residue appeared mainly
underneath the coating. When characterizing and damage testing the samples later on, we carefully
avoided regions with scratches or residue.

2.2. Infrared laser annealing treatments

Localized 10.6 um laser heating of the silica CVD films deposited on silica was performed as a means of
rapid thermal annealing through the absorption of IR light. A Gaussian 1/¢* beam diameter of 1 mm with
power ranging between ~3 to 6 W allowed for a sufficiently large treatment areas for small-beam (~80
pm in diameter) damage testing and material characterization with optical probes. Scanning was
performed at 5 to 50 um/s by moving the sample stage, producing ~20 mm long tracks. The heat affected
zone or the effective annealing zone scales with peak temperatures, beam size, and the effective beam
dwell time as determined from the sample translation speed. For instance, for the maximum scan rate
used, 50 um/s, a given point on the sample surface is exposed to >90% of peak treatment temperature rise
from a 1 mm beam in about 4.5 s. Because the effective dwell time is long relative to the thermal
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diffusion time (t;,~40 ms), the heating depths due to diffusion are large compared with the film thickness.
Therefore, the heating across the films is assumed uniform in depth. Details of the laser used for heating
and the camera and optical system used for the in sifu measurements of the 7 spatial profile are available
elsewhere [16]. Briefly, a calibrated HgCdTe infrared camera operating at 1 Hz with a narrow bandpass
cold filter (A—=8.9 um) was used to capture the infrared blackbody radiation emitted from the IR-laser
heated surface, which was then used to resolve the T profiles over time from each captured frame. The
spatial resolution achieved by the IR thermal imaging system was ~40 um. Typical temperature profiles
are shown in figure 1, from which the effect of temperature and scan rate (dwell time) on annealing can
be determined as describe in the following section. The variability in the Tyr profiles in mostly due to the
fluctuation in the laser power of ~5%. In the results that follow, we report time-averaged (peak or local)
heat treatment temperatures for t>4.5 s and up to the laser turn off time unless otherwise noted. Individual
laser treatment tracks were made covering a peak temperature range of 1300~2400 K, which corresponds
roughly to the range between the glass transition point and the maximum sub-evaporation temperature
over the time scales considered here.
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Figure 1: Measured temperature data for 50 pm/s laser scanned profiles indicating the relative stability of the peak temperature as
a function of time and scan position shown in (A) and the slowly varying spatial profile shown in (B).

2.3. Damage testing and characterization

2.3.1. Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to evaluate the degree of polymerization, silica
chemistry and densification of the coatings. Large aperture, fixed angle (~16°) incidence IR reflectance
measurements of coatings prior to laser treatment and from 360 to 4000 cm™ were made using a Perkin
Elmer Spectrum One system with a resolution of 4 cm™ and accuracy of 0.1 cm™. Spatially resolved (~10
pm spot size) normal incidence IR reflectance scans of laser-treated regions over the same spectral range
were made using a coherent synchrotron radiation source (Advanced Light Source, Lawrence Berkeley
National Laboratory) coupled via 32x/0.65NA reflective optics to a Spectra Tech Nic-Plan IR
microscope. The synchrotron based FTIR (SR-FTIR) measurements were accurate to 0.09 cm with a
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resolution of 4 cm™. A lateral step size of 50 um was used to measure variations in IR reflectance as a
function of local thermal treatment. Additional details of the SR-FTIR system are described elsewhere

[8].

2.3.2. R/1 damage testing

The pulsed laser damage resistance of the sample was assessed using small beam R/1 laser damage testing
[17]. A Coherent Infinity Q-switched Nd:YAG laser operating at 355 nm was used in the test. The
temporal profile of the laser pulse is Gaussian with a FWHM pulse duration of ~3 ns. The laser is focused
onto the exit surface of the silica specimen. The laser pulse energy and its spatial profile are monitored
by picking off a fraction of the beam and recording it using a charge coupled device (CCD) camera. The
Gaussian beam has a measured 1/e’ beam radius of r~40 pum which was used to determine peak axial
fluence as ¢=2E/mr* where E is the incident pulse energy accounting for reflection loss from the sample.
An imaging microscope is set up to observe the sample under laser irradiation. During damage testing, the
laser pulse energy is slowly ramped up with ~5 J/cm® steps until damage is registered on the imaging
CCD camera. Each R/1 damage threshold measurement is the average of ~10 spatially separate damage
test sites. Test scans along the CO, laser treated tracks excluded the first ~3 mm of the tracks to allow
temperature to reach steady-state. Large area damage testing was also performed and used to compliment
the small beam testing in the low THT regime. Further results from large area testing will appear in a
future publication.

2.3.3. Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy was used to probe electronic defects in the deposited SiO, that are
optically-active in the wavelength region where damage thresholds were assessed. For PL excitation, we
focused a quasi-CW 351nm laser (Crystalaser, Q-switched Nd:YLF) through a 74x/0.65NA reflective
objective onto the sample. Scattering and luminescence excited by the laser are collected by the same
objective, then focused onto a 50 um core multimode fiber and delivered to a Horiba iHR-320 f/4
spectrometer equipped with a Princeton Instruments LN-cooled CCD. The lateral, axial and spectral
resolutions of the system were ~10 pm, ~240 pm and ~2 nm, respectively. Scattered laser light was
minimized by the use of a dichroic mirror (Delta, Denmark) and a notch filter at 351nm (Kaiser Optical
Systems, Inc.).

2.3.4. X-ray photoemission spectroscopy

XPS was used to investigate the surface chemistry of as-deposited CVD film and after CO, laser
treatment. XPS analysis was performed on a PHI Quantum 2000 system using a focused monochromatic
A; Ko x-ray (1486.7 eV) source for excitation and a spherical section analyzer. The instrument has a 16-
element multichannel detection system. A 100 pum diameter x-ray beam was used for analysis. The x-ray
beam is incident normal to the sample and the x-ray detector is at 45° away from the normal. The pass
energy was 23.5 eV giving an energy resolution of 0.3 eV that when combined with the 0.85 eV full
width at half maximum (FWHM) Al Ka line width gives a resolvable XPS peak width of 1.2 eV FWHM.
The collected data were referenced to an energy scale with binding energies for Cu 2p;, at 932.72 +/-
0.05 eV and Au 4f;, at 84.01 +/- 0.05 eV. Binding energies were also referenced to the C 1s
photoelectron line arising from adventitious carbon at 284.8 eV. Low energy electrons were used for
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specimen neutralization. The sample was sputtered for 10 minutes at ~3 kV to remove surface
contaminants before XPS data was collected from un-annealed film, and 3 locations along the track of
sample M2063 treated at ~1900 K.

3. Results

3.1. Infrared spectroscopy

IR reflectance spectra were taken of the CVD coating following deposition using FTIR, and compared
with ‘pristine’ etched-only surfaces. Figure 2(a) shows a typical far-IR spectra taken of the 1.5 um thick
film sample M2063 between 400 and 1450 cm™', where 4 of the 5 peaks can all be associated with
fundamental Si-O vibrational modes of tetrahedral SiO,: bridging O atom rocking at 440 cm™, symmetric
stretching Si-O-Si at 790 cm™', and an asymmetric stretch Si-O-Si mode which shows a strong splitting
into a transverse optic (TO) mode at ~1120 cm™ and a longitudinal optic (LO) mode at ~1220 cm™. We
refer to these modes as TO;, TO,, TO;, and LO; modes respectively. In addition, a small peak near 900
cm’ is also visible for the as-deposited film only in the far-IR spectrum (see inset of figure 2(a)) which
could be assigned to (at least) one of three possible modes previously observed in SiH-based films: Si-N
stretching mode from unintentional N doping [18], Si-H wagging mode [19] or a Si-O/Si-OH non-
bridging stretching mode [20]. However, Si-N can be ruled out based on XPS results presented below
which indicates no detectable N in the films, while the Si-H wagging mode should also produce a
corresponding Si-H stretching mode at 2265 cm™ which we did not observe in any of the films studied.
We therefore assign this peak to the Si-O/Si-OH non-bridging stretching mode created either during
synthesis and/or through ambient water absorption post-deposition [21]. Its density is estimated by
normalizing the area underneath the peak (figure. 2(a) inset) to the TO; mode intensity. Besides the
appearance of the non-bridging mode in as-deposited films as compared with a pristine surface, the peak
frequency of the TO5; mode of the former in figure 2(a) shows a large red-shift of 24 cm™ relative to that
of the latter. Similarly, smaller (blue-) red-shifts of the (TO,) TO, were observed and equal to (12 cm™)
16 cm™. The overall reflectivity of the as-deposited film appears lower as compared to that of the control
samples, particularly in the LO-TO asymmetric stretch region (~1100 cm™). Figure 2(b) shows the mid-
IR reflectance spectra in the region of the O-H stretch vibration. For the etched-only control samples a
band near 3600 cm corresponds to isolated, bound silanol groups (Si-OH) typical of type-III vapor-
deposited glasses such as Corning 7980. However, the mid-IR spectra of the unannealed CVD sample
(M2063 with 1.5 um thick film) shows a much broader OH band, indicative of relatively high silanol
concentration and interaction between OH groups which acts to soften the vibrational mode [21]. The
relatively large contribution of this O-H stretch band would also tend to support the assignment of the Si-
OH mode to the ~900 cm™ peak. No peaks in the reflection spectra were observed in the range 1400 —
2600 cm-1. A multi-component Gaussian fit was performed on the FTIR spectra between ~840 and
~1150 cm™ in order to extract the TO; frequency. The integrated intensity of the non-bridging mode is
estimated by drawing a baseline shown as the dashed line in figure 2(a), and calculated the area
underneath.

LLNL-JRNL-604132



[ ! 8
70 - 7L B
o 60r- o
S I X
3 s0 g
27 &
> =
5 40r B
8 b (9]
= 30r =
Q L Q
&l 2 1
10+ i i
0L ‘ ‘ ‘ ‘ : o
400 600 800 1000 1200 1400 2600 2800 3000 3200 3400 3600 3800 4000
-1 -
Wavenumber (cm’ ) Wavenumber (cm’")
(a) (b)

Figure 2(a) and (b): FTIR spectra of as-deposited CVD film M2063 with 1.5 um thick film (black curve) and etched-only control
sample, M2037 (red curve). The inset of (a) shows the spectral region of the non-bridging mode and the French curve used to
approximate the peak area.

Following SiO, film deposition, the samples were locally and rapidly annealed along ~1x20 mm tracks
using a focused CO, laser. Structural changes in the CVD films associated with the laser treatments were
recorded using spatially-resolved SR-FTIR microscopy. Lateral scans across each of the laser-treated
tracks resulted in spatially-dependent spectra which could be registered with thermal imaging data to
yield temperature- and scan rate-dependent spectra. With increasing Tyr from laser heating, the
polymerization of the CVD films gradually progressed, as observed through the evolution of the FTIR
spectrum as shown in figure 3. Referring to figure 3(a), laser annealing appears to lead to a decrease in
non-bridging Si-O, Si-OH in general, a blue shift of the TO; and TO; modes, and a red shift in the TO,
mode. The total reflectivity also increased as a function of laser annealing. Because the laser treatments
induce an increase in fictive temperature [22], the spectra corresponding to the most aggressive thermal
treatment did not exactly coincide with that of the pristine substrate. In particular, the TO; mode appears
at 1120-1122 cm’™ for the highest temperature treatments, as compared with 1123 cm™ for the pristine
surface indicating a slightly densified final state. The broad LO; mode did not appear to shift appreciably
in frequency, nor change in intensity relative to the TO; mode which indicates that the films remained
relatively smooth at the micron scale [23]. Along with changes in the longwave IR region of the
fundamental SiO, modes, a decrease in OH peak reflectivity in the mid-IR region of film reflectivity also
occurred as a function of Tyr, as shown in figure 3(b). Although specific sub-features could not be
discerned due to the broadness of this band, the highest temperature case shown in figure 3(b) (Tur=2000
K) appears similar to a type-I, low OH silica with OH concentrations of less than 150 ppm by weight.
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Figure 3: FTIR reflection spectra of CVD sample M2063 with 1.5 um film following a 50 um/s CO, laser treatment with the
evolution of TO frequency (a), and OH vibration (b) at different Tyr.

We now quantify the behavior of the CVD film in terms of frequency shift and intensities in figure 4 as a
function of Tyr. We first note that the Gaussian spatial profile of the CO, laser beam creates a continuous
varying Gaussian-like temperature profile across each treatment track. Due to the spatial proximity of
laser treatment tracks (2 mm spacing between tracks), some small amount of unintentional pre- and/or
post-treatment overlap potentially exists at the boundary between tracks measured. The evolution of the
TO; peak frequency and the non-bridging mode intensity are plotted as a function of the measured /oca/
Tyur for two treatment tracks on 6.4 um thick film sample M2183, for peak treatment temperatures of
2152 K and 1950 K in figure 4. The monotonic shifting in the TO; frequency between 500 and 1500 K
indicates the continuous relaxation of the glass network and approaches maximum value close to pristine
glass at ~1600 K. The intensity of the non-bridging mode, on the other hand, decreases first at low Ty,
but increases at higher Tyr, peaking at ~1600 K (dashed line in figure 4) before a steep drop at higher
treatment temperature.
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Figure 4: Evolution of the normalized intensity of the non-bridging mode (a) and frequency of the asymmetric TO; mode (b)
across two individual laser treatment tracks on sample M2183 (6.4 pm thick film); and two tracks on sample M1105 (3.1 mm
thick film) in panel (c) and (d). The dashed line indicates the transition point observed in the PL measurements in figure 6 and the
damage threshold measurements of figure 7.

We also examined the sample M1105 with 3.1 um film, and found the TO; frequency behaving similarly
to the thicker 6.4 pum film with respect to Tyr shown in figure 4(c). The non-bridging mode intensiy
(figure 4(d)) also drops for Tyr<1000 K, but does not recover as much as the thicker film. The frequency
shifts of the TO; mode for all the laser treatment tracks on the three samples used in our study are
summarized in figure 5 as a function of the peak Tyr. The dashed line is an overlay of the local TO;
frequency across a single treatment track with the peak Tyr of 2152 K and appearing in figure 4. The
composite data is noisier as expected due to sample and local CVD deposition variability, but agrees
reasonably well with the result from the single track measurement.
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Figure 5: Frequency shift of the TO; mode for all treatment tracks on three samples as a function of peak Tyt averaged along the
tracks. The dashed line is an overlay of the local TO; frequency data from figure 4(a) at Tyr =2152 K.

3.2. Photoluminescence spectroscopy

The presence of a non-bridging mode in the FTIR reflectance spectra suggested there may be a population
of optically-active non-bridging oxygen hole centers in the CVD films that have previously been
associated with optical damage [8, 24]. In order to observe more directly the electronic transitions that
may be associated with these defect vibrational states, we performed photoluminescence spectroscopy
with 351 nm laser excitation, and focused on the PL spectra range between 400 to 670 nm in our analysis.
Also, PL from the CVD film was sensitive to photobleaching which limited the dwell time at, and
distance between, each data point during our scan. Instead of matching the 50 pum steps used in the FTIR
measurements, we scanned the sample with 100 um steps for the PL. A set of three representative PL
spectra taken across a single CO; laser treated track on sample M2183 with 6.4 pm thick film is shown in
figure 6(a). The maximum Tyr reached at the center of this treatment track was ~2100 K. The local Tyr
on the track ~200 pm away from the treatment center was ~1800 K based on the thermal camera
measurements. “Untreated” region in figure 6 refers to the location sufficiently far from the treatment
track where the CVD film was not exposed to elevated temperatures above room temperature. The spectra
were then fitted with multiple Gaussian peak functions to help identify SiO, defects that give rise to the
photoluminescence signal. The broad emission peak centered ~450 nm is associated with the well-known
Si0O, defect of oxygen deficiency center ODCII (=Si...) [25]. Although the excitation of the non-bridging
oxygen mode is not efficient at 351nm, it is still surprising that PL from the non-bridging Si-O typically
observed ~650 nm was absent despite seeing significant non-bridging mode contributions in
corresponding the FTIR spectra. However, this observation is consistent with the relatively large
contribution of O-H stretch vibrations and the notion that most of the non-bridging structures are either
terminated as silanol groups (...H-O-Si=) or otherwise passivated in terms of electronic transitions. In
terms of the total defect concentration — and inferred broadband PL intensity — we expect a gradual
decrease as the films transition to a higher damage threshold state. Interestingly, the total PL signal first
increased, then decreased with Ty, in contrast to the monotonic increase in bridging mode frequency
revealed by SR-FTIR but somewhat correlated with the non-bridging oxygen mode intensity. This effect
is more clearly seen in figure 6(b) where the PL intensity at the ODC defect peak is plotted as a function
of the local Tyr across laser treatment tracks.
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Figure 6: (a) Photoluminescence spectra taken at three locations on sample M2183: in an untreated area, ~200 um from a laser
treatment track and at a track center where Ty1=~2100; (b) PL intensity of the CVD film as a function of local treatment
temperature across three representative tracks.

3.3. R/1 laser damage test

Damage thresholds of the CVD film were first measured prior to CO, laser treatment (Table 1). Samples
were then treated with varying CO, laser power (i.e. temperature) from ~3 to 6W and scan rate (i.e. dwell
time) and retested. Figure 7(a) shows the normalized R/1 damage threshold as a function of the peak Tyr
at the center of the tracks with a scan rate of 50 um/s. For Tyr<1500 K, the damage threshold did not
appear to change significantly. However, a very sharp transition in damage threshold behavior is
observed in the range 1500<Tyr<1700 K for the 1.5 and 3.1 pum thick films, where the normalized
damage threshold improves roughly 2 times, corresponding to changes from the as-deposited value of ~17
J/em’ to ~40 J/em?, close to the value of the underlying substrate. Above ~1750 Kall three samples show
a transition where the normalized damage threshold increases another fold to ~65 J/ cm?, well in excess of
that of the underlying substrates. We examined two Tyr points — 1200 and 1500 K — for the 1.5 pum film
of sample M2063 that are near- or sub-threshold along the S-curve in figure 7(a) and observe the R/1
behavior as a function of slower scan rates. The results are shown in figure 7(b), cast in terms of inverse
scan rate where scan rates ranged from 5 to 50 um/s. The R/l damage threshold at zero inverse scan rate
(infinite scan rate) is taken as the untreated threshold value (~17 J/cm?). At Tyr=1200 K, which is just
below the glass transition temperature (T,) for type III silica of ~1300 K, an increase in damage threshold
is observed below a scan rate of 10~25 um/s (effective dwell time of ~1-2.3 s), although the threshold
increase apparently plateaus at ~30 J/cm®. A similar increase is observed at Tyr=1500 K, with a higher
threshold scan rate of >50 um/s, and an additional increase in going from 10 to 5 pm/s.
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Figure 7: Normalized R/1 damage threshold measurements of the test samples as a function of Tyr (a) and as a function of scan
rate at 1200 and 1500 K (b).

3.4. X-ray photoemission spectroscopy

XPS was used to assess stoichiometry, verify purity and probe the Si and O electronic states of the films
which are in general sensitive to local electronic enviroments. Table 2 summarizes the XPS compositional
analyses for the CO, treated track and the untreated background. No residual nitrogen from the N,O
precursor gas was detected in the CVD film (detection sensitivity 1019 cm™). Minimal carbon
contamination was only detected on the untreated CVD film likely due to organic contaminant from the
environment, exacerbated by the porous nature of the film.

Table 2: Elemental analysis from XPS measurements

Area Si 0] C O/Si
Untreated CVD film 32.05 ] 66.05|1.90 | 2.06
CO; laser treated CVD film | 32.67 | 67.33 | - 2.06

Figure 8 compares the Si 2p;,1» spectra of the as deposited PVCVD and the laser treated track of sample
M2178. A single peak near 104 eV was observed corresponding to the Si4+ oxidation state associated
with SiO2 [26]. The Si 2psp,12 spin-orbit components were deconvolved and are centered at 103.3 and
104.0 eV for the as-deposited films. A small shift in the Si 2p;,1» spin-orbit components was observed
for the laser treated area to 103.5 eV and 104.2 eV typical for pure SiO, (NIST XPS database), FWHM
remaining the same. Correlating this chemical shift with the compositional analysis indicates that the
laser treated areas have a composition and structure closer to that of bulk SiO, than the untreated film,
consistent with the improved damage thresholds.
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Figure 8: Si 2p binding energy of (a) laser-treated region corresponding to a peak temperature of 1900 K and (b) as-deposited
CVD film measured by XPS.

4. Discussion

The presence of both extrinsic (i.e. contaminant) and intrinsic defects in the silica films can lead to
absorption and subsequent damage initiation under UV illumination as compared with pristine, etched
silica substrates. Furthermore, if the CVD films contain nano-fractures undetectable to our instruments,
the decrease in mechanical strength of the film could also lead or add to a reduction in damage threshold.
Since the purity of the films in our study was reasonably high, and the damage threshold increases upon
CO, laser heating, this suggests that the extrinsic defects are not the dominant damage precursors in the
CVD films. The intrinsic defect concentration, however, was relatively high for the as-deposited films, as
probed by both PL and FTIR measurements. The change in defect-related spectra also correlates well with
the change in damage threshold of the film as it was being treated with CO, laser. We therefore believe
the intrinsic defects are the main contributors to laser light absorption and damage.

Shifts in the peak positions in the infrared reflectivity spectra can be related to physical variation in
internal structure of the glass network such as the number of 3- and 4-member Si-O rings, average Si-O-
Si bond-angle and density. For example, as-deposited vapor-based silica films are expected to have
densities lower than that of annealed films due to a high porosity driven by the presences of large voids
and accompanying defects. The average Si-O-Si bond angle can be estimated using the central force
network model [27],

4
:—(1— )+§_

where o is the angular frequency of the TO; mode, £ is the Si-O stretching force constant, 6 is the average
Si-O-Si bridging angle, and m, and my are the mass of the oxygen and silicon atoms. With increasing
laser-heat-treatment and increasing polymerization of the films, the bond-angle relaxes, and the density
decreases through the annihilation of non-bridging oxygen structural defects, producing a rise in damage
threshold (figure 9). As a prelude to this damage threshold increase, however, an increase in IR
reflectivity due to non-bridging oxygen or silanol groups is observed. An increase in IR activity of this
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band would be consistent with an increase in the more dipolar O- over OH structures as water and
hydrogen are driven out during annealing, leading the way for bond-bridging. An increase in dipole
strength due to non-bridging oxygen could also bring about a more intense ODC PL emission through a
decrease in PL lifetime.
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Figure 9: R/1 damage threshold measurements of three test samples as a function of the estimated Si-O-Si bond angles. Dashed
lines are fits as guide to the eyes, and the blue dotted line marks the typical damage threshold for pristine HF etched silica.

In our CVD samples, we have observed the vibration from the non-bridging oxygen stretch in the FTIR
measurements in the un-treated film compared to the bulk SiO,. With increasing CO, laser treatment
temperature, the intensity of this vibration peak can be reduced to a level similar to that of pristine SiO,.
However, the PL spectra from the film (both laser treated and un-treated) did not show any noticeable
emission resulted from direct electronic transition of non-bridging oxygen hole centers. The band near
3600 cm’ in the FTIR data (figure 3(b)) also showed that the silanol concentration in the CVD film
started high, and decreased significantly after CO, laser treatment. Based on these observations, we
suggest that the vibration from non-bridging oxygen in as-deposit CVD film is mainly due to Si-OH
population. As the film undergoes heat treatment, silanol starts to be driven out through OH diffusion at
lower temperatures [28], which explains the decrease in the non-bridging oxygen observed in the FTIR
(figure 4(a) and (c)). It is important to point out that this decrease was not monotonic with Tyr as the shift
in the TO; mode is shown figure 4(b). There was a recovery in non-bridging vibration for Tyr>1000 K
which peaks around ~1600 K (figure 4(a) and (c)), with the effect more moderate for the thinner film (3.1
um). This increase may be the result of the interaction between molecular water and silica [21]. The fact
that we observed an increase in PL at ~450 nm at the wings of CO, laser tracks with a peak around
Tur=1600 K supports this interpretation. Ultimately, at high enough Tyr, the non-bridging mode, as well
as PL, decreases again for CO, treated CVD films. The structural relaxation and annihilation of the
defects is schematically illustrated in figure 10 [29].
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Figure 10: Schematic diagram of the defect annealing mechanisms in CVD films.

This could explain why we are seeing a variation of the non-bridging oxygen population with respect to
treatment temperature, but little PL from non-bridging oxygen hole centers. Another feature in the PL
spectra worth noting is the peak at ~404 nm, which persists despite of thermal treatment. We believe this
is the Raman signal at ~3700 cm™ from the silanol in the wet silica substrate despite of the dehydration of
the CVD film resulted from laser treatment.

The onset of the damage threshold change depends strongly on the thickness of the film, with the thickest
sample (6.4 um) only showing a damage threshold increase at ~1900 K, where the underlying substrate
also is annealed (figure 7(a)). One possibility for the disparity could be the differences in the thermal
profiles through the films. Indeed, the absorption length at 10.6 um in silica at ~1500 K is about 5.9 pm,
implying that heating may not penetrate to the bottom of the 6.4 um film. However, since thermal
diffusion times are long compared to effective dwell times and the beam radius a is large compared to the
absorption length, we can treat the laser beam as a CW surface source and estimate the temperature
change AT as a function of depth z as [30]:

A
A—EO;= - exp ()

The above expression yields AT(6.4 um)/ AT(0)~0.98 or about a 30 K decrease from a surface
temperature of 2000 K, far less than the differences observed in the damage threshold data between films.
Since the temperature across the film depth was relatively constant for all films, this thickness-related
effect on annealing may be attributed to the fact that thicker films contain significantly more defects (for a
given density of defects) and therefore require more heating to overcome the population barrier before
damage threshold improvement can be observed (i.e. a ‘critical mass’ effect). For thinner films (1.5 pm
and 3.1 um), on the other hand, the damage threshold first increased gradualy to ~40 J/cm® at around
Tyur=1600 K, similar to the etched silica substrate. The damage threshold improvement is accompanied by
a drop in the non-bridging mode intensity. This suggests that in CVD SiO, film, the population of the
ODC type of defects is the main absorber of UV light and may lead to optical damage. However, we note
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that while the sampling depth of the TO; mode is less than 1 pm due to high absorptivity at ~1120 cm™,
light reflected at ~950 or ~3600 cm™ can probe depths that can include the substrate as well as the film,
which may affect the observed intensity changes in these bands. At higher Tyr (~1850 K), all film sample
damage thresholds improve sharply to ~65 J/cm®. The fact that this latter increase above the substrate’s
~40 J/cm® threshold does not vary with film thickness implies a modification of the substrate itself.
Moreover, because of the distinctly different Tyr dependence of this high damage threshold transition, we
postulate that a second mechanism to that of the former damage threshold increase is involved. For
example, we note that Tyr ~1850 K corresponds to the softening point of fused silica where the viscosity
is low enough to allow macroscopic, capillary-driven flow and healing of any residual micro- and nano-
crack which limit the fracture toughness of the surface. Further studies are underway to understand this
second Tyr dependent threshold increase of pristine etched silica surfaces.

In terms of applications, our study also allows one to contemplate the use of CVD for the purposes of
damage mitigation by way of additive defect repair for high power laser systems. Indeed, removal or
reflow of material for the purpose of damage mitigation has been the focus of virtually every proposed
laser-based mitigation attempt thus far, few attempts have been made to replace material lost in the
original damage event and thus restore the integrity of the wave propagating media. Indeed, laser-based
chemical vapor deposition (L-CVD) is a proven technique for localizing material depositions in standard
CVD vacuum chambers which might be used to locally treat isolated damage sites [31]. The study on
CVD deposited SiO, film on silica substrate may provide a basis for research of using other gas phase
silica precursors in L-CVD process, such as tetra ethyl ortho-silicate (TEOS, Si(OC,Hs).), to locally
deposit high damage threshold silica suitable for high power laser optics.

5. Summary

High purity SiO, films deposited using silane-based CVD provides a model system to study the role of
the intrinsic defects in laser light absorption and damage. The as-deposited film has high purity and little
extrinsic defects such as mechanical fractures, but relatively low laser damage threshold. The FTIR
reflectivity measurements show that the film is densified and contains some amount of non-bridging
groups most likely in the form of SiOH as opposed to the optically-active non-bridging oxygen hole
center, SiO. This is supported by the fact that we observed SiO vibration in FTIR, but little PL. due to
non-bridging oxygen. Rapid, localized CO, laser annealing at temperatures Tyr, similar those used in
fiber draw processing, relaxes the glass network, enables bond reorganization and reduces PL from glass
defects. The damage resistance of the annealed film can be improved as a function of Tyr to at least the
best processed bulk silica level. The transition of the damage threshold is very sharp and takes place
around 1600 K. Below Tur~1600 K, the glass appears to go through mainly the polymerization process.
Reorganization of defect bonds kicks in after the glass network is fully relaxed at Tyr> 1600 K. Besides
the treatment temperature, the translation speed (dwell time) during the laser anneal, and the thickness of
the film also affect the post-treatment damage threshold.
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